inflow-exocytosis coupling further reveal that the tightness of coupling increases efficacy, speed, and temporal precision of transmitter release. Thus, tight coupling contributes to fast feedforward and feedback inhibition in the hippocampal network.
SUMMARY
It is generally thought that transmitter release at mammalian central synapses is triggered by Ca 2+ microdomains, implying loose coupling between presynaptic Ca 2+ channels and Ca 2+ sensors of exocytosis. Here we show that Ca 2+ channel subunit immunoreactivity is highly concentrated in the active zone of GABAergic presynaptic terminals of putative parvalbumin-containing basket cells in the hippocampus. Paired recording combined with presynaptic patch pipette perfusion revealed that GABA release at basket cell-granule cell synapses is sensitive to millimolar concentrations of the fast Ca 2+ chelator BAPTA but insensitive to the slow Ca 2+ chelator EGTA. These results show that Ca 2+ source and Ca
2+
sensor are tightly coupled at this synapse, with distances in the range of 10-20 nm. Models of Ca 2+ inflow-exocytosis coupling further reveal that the tightness of coupling increases efficacy, speed, and temporal precision of transmitter release. Thus, tight coupling contributes to fast feedforward and feedback inhibition in the hippocampal network.
INTRODUCTION
The distance between presynaptic Ca 2+ channels and the Ca 2+ sensor of exocytosis is a key factor that determines the efficacy and timing of synaptic transmission. Although this distance is difficult to measure directly, it can be probed by exogenous Ca 2+ chelators (Adler et al., 1991) . This approach has been applied previously to a variety of synapses. In the squid giant synapse, transmitter release is suppressed by millimolar concentrations of the fast Ca 2+ chelator BAPTA but is unaffected by 80 mM of the slow Ca 2+ chelator EGTA (Adler et al., 1991) , indicating that the diffusional distance between Ca 2+ source and Ca 2+ sensor is in the nanometer range (Neher, 1998) . In contrast, in the young calyx of Held and in neocortical glutamatergic synapses, transmitter release is suppressed by both 1 mM BAPTA and 1 mM EGTA (Borst and Sakmann, 1996; Meinrenken et al., 2002; Fedchyshyn and Wang, 2005; Ohana and Sakmann, 1998; Rozov et al., 2001 ), suggesting that the source-sensor distance must be longer, close to the micrometer range (Meinrenken et al., 2002) . These results led to the prevailing view that transmitter release at the squid giant synapse is triggered by Ca 2+ nanodomains, whereas release at central synapses in the mammalian cortex is initiated by Ca 2+ microdomains in presynaptic terminals (Augustine et al., 2003) . However, whether these conclusions apply generally to central synapses in the mammalian brain has remained unclear. As tight coupling between Ca 2+ channels and synaptic vesicles is expected to minimize the diffusional component of the synaptic delay (Meinrenken et al., 2002) , it is possible that the distance between Ca 2+ source and Ca 2+ sensor is particularly short in neuron types specialized for rapid signaling. To test this idea, we probed the spatial relation between Ca 2+ source and Ca
2+
sensor at the output synapses of fast-spiking, parvalbuminexpressing GABAergic basket cells (BCs) in the dentate gyrus of the hippocampus. These neurons operate as fast signaling devices, generating rapid and temporally precise inhibitory synaptic output signals onto postsynaptic target cells (Jonas et al., 2004; Bartos et al., 2007; Freund and Katona, 2007) . We found that the distance between Ca 2+ source and Ca 2+ sensor at these synapses is in the nanometer range, similar to the squid giant synapse (Adler et al., 1991) , but very different from any other previously studied cortical synapse.
RESULTS

Ca
2+ Channel Immunoreactivity Is Clustered in Active Zones of BC Synapses
We explored the possibility that tight coupling between Ca 2+ source and Ca 2+ sensor may contribute to the fast signaling at the basket cell (BC)-granule cell (GC) synapse in the dentate gyrus. As previous studies showed that transmitter release at this synapse is entirely mediated by P/Q-type Ca 2+ channels (Hefft and Jonas, 2005; see Poncer et al., 1997; Wilson et al., 2001) , we first examined the distribution of a 1A subunit immunoreactivity on putative BC terminals by high-resolution immunoelectron microscopy ( Figure 1 ). BC terminals were identified by the symmetrical contacts that they formed on granule cell somata. Pre-embedding immunogold labeling revealed that a 1A immunoreactivity was highly concentrated in the active zone of putative BC terminals. In both adjacent serial sections ( Figures  1A and 1B ) and in three-dimensionally reconstructed boutons ( Figure 1C ), immunogold particles were mainly found in the active zone. Analysis of particle density on the plasma membrane in 92 ultrathin sections from 11 putative BC terminals revealed that the particle density (n = 54) was 9-fold higher in the active zone than in the extrasynaptic membrane of the presynaptic terminal (29.2 ± 7.4 mm À2 versus 3.2 ± 0.3 mm À2 ; p < 0.01; Figure 1D ). These results suggest that P/Q-type Ca 2+ channels, the presynaptic Ca 2+ sources for transmitter release at BC output synapses (Hefft and Jonas, 2005) , are highly concentrated in the active zone, consistent with a tight coupling of these channels to the exocytotic machinery. we tested the effect of exogenous chelators on transmitter release at BC-GC synapses (Adler et al., 1991) . Unitary IPSCs were measured in the paired recording configuration, and Ca 2+ chelators were loaded into presynaptic interneurons at defined concentrations by patch pipette perfusion ( Figure 2A and Figure S1 ). Pipette perfusion allowed us to exchange the solution at the tip of the patch pipette within $2 min ( Figure 2C ). To estimate the time required to load chelators into presynaptic terminals, we simulated chelator diffusion in a detailed model of BC morphology in which the soma, dendrites, and proximal axon were reconstructed and the axon was schematically extended with 150 collaterals. Simulation of diffusion revealed that the chelator concentration in axon collaterals reached 76%-99% of the somatic concentration after 100 min, with faster exchange in proximal than in distal collaterals ( Figure 2D ). Thus, chelators can be loaded into presynaptic terminals within typical recording times if these presynaptic terminals emerge from proximal axon collaterals.
We next examined the effects of Ca 2+ chelators in BC-GC paired recordings with <100 mm intersomatic distance to minimize diffusion times ( Figure 2A ). The effect of Ca 2+ chelators was quantified as the ratio of IPSC chelator /IPSC control , where IPSC control was measured during a 7.5 min control period and IPSC chelator was determined from a 7.5 min test period after stationary effects were reached (on average 85 min after application onset). Loading the presynaptic BC with 10 mM of the fast Ca 2+ chelator BAPTA reduced the amplitude of unitary BC-GC IPSCs substantially. On average, the peak amplitude of the unitary BC-GC IPSCs under steady-state conditions was 16.3% ± 3.6% of the control value (five pairs; Figures 3A and 3B ). Conversely, in cells preloaded with 10 mM BAPTA, the application of BAPTA-free intracellular solution led to a timedependent increase of the IPSC amplitude ( Figures 3C and  3D ), suggesting reversibility of the prior effects of BAPTA on transmitter release. On average, the ratio of unitary BC-GC IPSC amplitude after 90 min to the minimal amplitude $20 min after solution exchange was 2.5 ± 0.2 (three pairs). Collectively, these results indicate that 10 mM of the fast Ca 2+ chelator BAPTA consistently and reversibly inhibited synaptic transmission at the BC-GC synapse.
In contrast, loading the presynaptic BC with 30 mM of the slow Ca 2+ chelator EGTA reduced the amplitude of the evoked IPSC to only 67.2% ± 4.3%, markedly less than 10 mM BAPTA (five pairs; p < 0.01; Figures 4A and 4B ). We further attempted to determine the half-maximal inhibitory concentration of the chelator effects. For BAPTA, the effects were concentration dependent; 1, 3, 10, and 30 mM BAPTA decreased the IPSC amplitude to 63.7%, 32.3%, 16.3%, and 1.6% of the control value (15 pairs total; p < 0.001), yielding a half-maximal inhibitory concentration of 1.6 mM ( Figure 4C ). For EGTA, a concentration-effect relation could not be obtained, because even high concentrations of EGTA had only moderate effects ( Figure 4D ). However, assuming that the concentration dependence follows a Hill equation with a Hill coefficient of 1, the half-maximal inhibitory concentration was estimated as $61.5 mM. Thus, the ratio of half-maximal inhibitory concentrations between EGTA and BAPTA ($38) is similar to the inverse ratio of the Ca 2+ binding rates of the chelators ($40; Nä gerl et al., 2000; Naraghi and Neher, 1997; Neher, 1998) .
To reassure that the effects of Ca 2+ chelators were generated at a presynaptic site, we tested possible effects on the number of failures and the coefficient of variation, indicators of presynaptic changes ( Figure S2 ). BAPTA significantly increased the percentage of transmission failures (p < 0.001; Figures S2A and S2B ) and reduced the coefficient of variation of IPSC peak amplitudes raised to the power of À2 (p < 0.001; Figure S2C ), confirming that the chelator effects were generated at a presynaptic locus.
The Exocytotic Ca 2+ Sensor at the BC-GC Synapse
Is Not Saturated
The relative insensitivity of transmitter release at BC terminals to exogenous Ca 2+ chelators, in particular to the slow Ca 2+ chelator Figure 5C ). Thus, the degree of saturation of the Ca 2+ sensor for 2 mM Ca 2+ was 57%, implying that the sensor operates in a subsaturating regime. These results corroborate the conclusion that the relative insensitivity against exogenous Ca 2+ chelators at the BC-GC synapse is caused by tight coupling of source and sensor rather than saturation of the sensor.
The Distance between Ca 2+ Source and Ca 2+ Sensor
Is in the Nanometer Range To quantify the distance between Ca 2+ source and Ca 2+ sensor at the BC-GC synapse, we modeled the concentration dependence of the effects of BAPTA and EGTA on BC-GC IPSCs ( Figure 6 ). The ratio of Ca 2+ concentrations at the sensor in the presence and absence of exogenous chelator was modeled using the analytical steady-state solution to the linearized reaction-diffusion equations (Neher, 1998) , and the corresponding ratio of IPSC amplitudes was predicted using the experimentally determined relation between Ca 2+ concentration and transmitter release ( Figure 5C ). We first examined the simplest possible model in which a single Ca 2+ channel was coupled to the Ca 2+ sensor (i.e., the vesicle) at variable distance r (single-channel model; Figure 6A ) (Stanley, 1993 (Stanley, , 1997 Brandt et al., 2005; Shahrezaei et al., 2006) . We further tested a more complex model in which a cluster of Ca 2+ channels, represented by a normally distributed channel density with standard deviation s, was coupled to the Ca 2+ sensor located at variable distance d from the cluster center (cluster model; Figure 6A ). The diffusion coefficient of Ca 2+ , the physicochemical properties of the chelators, the biological properties of the endogenous buffer, and the resting Ca 2+ concentration in BCs (Y. Aponte et al., 2006, Soc. Neurosci., abstract; Lee et al., 2000) were experimentally constrained (Experimental Procedures), leaving r or d and s as free parameters.
The single-channel model provided an adequate fit to the experimental observations; r was estimated as 12 ± 1 nm under these conditions. The cluster model also described the experimental data; d was estimated as 12 ± 4 nm and s as 8 ± 5 nm. The values obtained for the source-sensor distance were insensitive to variations in the assumed biological parameters; a 10-fold decrease or increase in the endogenous buffer product changed r by À3 and 10%, and a 3-fold decrease or increase in the resting Ca 2+ concentration changed r by À10 and 25%, respectively. We also tested whether models in which Ca 2+ channels were normally distributed over the entire active zone (radius 174 nm) or homogeneously distributed over the entire bouton area were able to describe the chelator effects. However, we found that these models were inconsistent with the experimental observations (p < 0.001; Figure 6B ).
To test whether similar estimates of the coupling distance between Ca 2+ source and Ca 2+ sensor are obtained in a more detailed model that takes into account both coexistence of mobile and immobile buffers and buffer saturation, we further modeled the concentration dependence of the chelator effects using the time-dependent solution to the full reaction-diffusion equations obtained numerically ( Figures 6C and 6D ) (Smith, 2001) . In a single-channel scenario, the model adequately described the experimental observations with a coupling distance of 17 nm. Thus, independently of the details of the model, the coupling distance between Ca 2+ source and Ca 2+ sensor at the BC-GC synapse is 10-20 nm, comparable to the squid giant synapse, but much tighter than at any other cortical synapse studied to date.
Tight Coupling Enhances Efficacy, Speed, and Temporal Precision of Transmitter Release
To address the functional significance of tight coupling for fast inhibitory synaptic transmission, we simulated Ca 2+ transients at various distances from the Ca 2+ source, using the time-dependent solution to the full reaction-diffusion equations (Figure 7) . For a bouton of 0.5 mm radius, the peak Ca 2+ steeply declined as a function of distance, as expected for diffusion from a point source ( Figure 7A ). Furthermore, with increasing distance from the source, the ratio of Ca 2+ at the peak to that at later times decreased substantially ( Figure 7B ). Thus, tight coupling between Ca 2+ source and Ca 2+ sensor increases the peak amplitude of the Ca 2+ transient, while decreasing the relative amplitude of the Ca 2+ concentration at later times in the presynaptic terminals.
To examine how the tightness of coupling affects transmitter release, we further modeled the corresponding release rates using a Ca 2+ sensor model with five Ca 2+ binding sites (Figures 7C and 7D; Lou et al., 2005) . Increasing the distance between source and sensor from 20 to 200 nm increased the synaptic delay (measured from the rise of the presynaptic action potential to the peak release rate) 1.57-fold from 560 to 880 ms and increased the half-duration of the time course of release 3.66-fold ( Figures 7D and 7E) . Thus, tight coupling between Ca 2+ source and Ca 2+ sensor increases both speed and temporal precision of transmitter release at BC output synapses. Furthermore, increasing the distance between source and sensor from 20 to 200 nm substantially reduced synchronous release (measured as the peak release rate) but reduced asynchronous release (measured at t = 5 ms) to a much smaller extent, leading to a relative enhancement of asynchronous components (Figures 7D and 7F) . As the coupling distance was increased from 20 to 200 nm, the ratio of asynchronous to synchronous release rate increased $20,000-fold. Thus, tight coupling between Ca 2+ source and Ca 2+ sensor increases the speed and temporal precision of synaptic transmission, while reducing the relative contribution of asynchronous release.
DISCUSSION
We found that P/Q-type Ca 2+ channels are concentrated at the active zone of putative BC terminals and that transmitter release at BC-GC synapses is surprisingly resistant to Ca 2+ chelators. (E) Plot of delay from the peak of the Ca 2+ current to the maximal release rate (circles, red line) and half-duration of the release period (squares, blue line) against coupling distance. Tight coupling decreases the synaptic delay and the half-duration of the release period.
(F) Semilogarithmic plot of peak release rate (circles, red line, normalized to the peak release rate at 20 nm) and ratio of release rate in the steady state (at 5 ms)/ release rate at the peak (squares, blue line) against coupling distance. Tight coupling increases the peak release rate and decreases the proportion of asynchronous release. Lines in (E) and (F) represent fits with polynomial functions.
above the control value of 2 mM. High endogenous buffer capacity is also unlikely, since the somatodendritic endogenous Ca 2+ binding ratio of fast-spiking BCs in the dentate gyrus is $200 (Y. Aponte et al., 2006, Soc. Neurosci., abstract; Lee et al., 2000; Collin et al., 2005) , $20-fold lower than the exogenous Ca 2+ binding ratio of 1 mM BAPTA (k $concentration/dissociation constant = 1000 mM/0.22 mM $4500) (Neher, 1998) . Thus, tight coupling between the presynaptic Ca 2+ channels and the exocytotic Ca 2+ sensors is the only interpretation consistent with all experimental observations. With respect to the tight coupling between Ca 2+ source and Ca 2+ sensor, the BC-GC synapse is similar to the squid giant synapse (Adler et al., 1991) but different from any other cortical synapse studied to date (Ohana and Sakmann, 1998; Rozov et al., 2001 ). The BC-GC synapse also differs markedly from the young calyx of Held (Borst and Sakmann, 1996; Meinrenken et al., 2002) , although a developmental increase in the tightness of coupling between Ca 2+ channels and transmitter release was suggested (Fedchyshyn and Wang, 2005 ; see Iwasaki and Takahashi, 1998) . The estimated distance between Ca 2+ source and Ca 2+ sensor at the BC-GC synapse is in the nanometer range, suggesting that coupling is mediated by protein-protein interactions (Berkefeld et al., 2006) . Our results imply that these interactions must be highly specific, requiring both P/Q-type Ca 2+ channels and specific reaction partners, presumably components of the release machinery of parvalbumin-expressing GABAergic interneurons. In contrast, coupling is loose in both cortical glutamatergic synapses in which a substantial proportion of release is mediated by P/Q-type channels (Reid et al., 2003; Ohana and Sakmann, 1998) and in GABAergic synapses of CCK-expressing interneurons in which release is exclusively mediated by N-type Ca 2+ channels (Hefft and Jonas, 2005) .
One possibility is that P/Q-type Ca 2+ channels couple directly to the Ca 2+ sensor, presumably synaptotagmin (Sü dhof, 2002; Sheng et al., 1997) . In this framework, synaptic specificity could be conferred by the selective expression of P/Q-type channels and distinct synaptotagmin isoforms. Consistent with this hypothesis, fast-spiking, parvalbumin-expressing BCs use a Ca 2+ sensor different from synaptotagmin 1 (presumably synaptotagmin 2; A.M. Kerr et al., 2006, Soc. Neurosci., abstract) . Alternatively, coupling may occur between synprint sites of Ca 2+ channels and SNARE complex proteins (Rettig et al., 1996; Bezprozvanny et al., 2000; Mochida et al., 2003) . In this scenario, specificity might be conferred by the selective expression of P/Q-type channels and distinct syntaxins or soluble NSF attachment proteins (SNAPs) in GABAergic interneurons (Verderio et al., 2004) . Tight coupling between Ca 2+ inflow and transmitter release at BC-GC synapses will contribute to the fast signaling properties of BCs in multiple ways. First, tight coupling will increase the efficacy of GABAergic synaptic transmission. For a given number of presynaptic Ca 2+ channels, increasing the coupling distance from 20 to 200 nm decreases the peak release rate by orders of magnitude ( Figure 7F ). Although this decrease in release probability could be compensated by an increase in the number of presynaptic Ca 2+ channels, the physical size of the active zone places clear limits to the extent of any compensatory effects. Thus, tight coupling between Ca 2+ source and Ca 2+ sensor may explain the high probability of transmitter release at BC output synapses (Kraushaar and Jonas, 2000) . Second, tight coupling will minimize the diffusional component of the synaptic delay (Meinrenken et al., 2002 ). In our model of Ca 2+ -dependent transmitter release, increasing the coupling distance from 20 to 200 nm increases the synaptic delay by $300 ms ( Figure 7E) . Thus, the coupling distance is a major determinant of the synaptic delay, which is <1 ms at room temperature. Third, tight coupling will increase the temporal precision of phasic release. Finally, tight coupling will increase the ratio of synchronous to asynchronous or ectopic release (Hefft and Jonas, 2005; Matsui and Jahr, 2004) . Similarly, tight coupling may explain the lack of facilitation and potentiation at the BC-GC synapse (Kraushaar and Jonas, 2000; Tang et al., 2000; Awatramani et al., 2005; Zucker and Regehr, 2002) . Thus, tight coupling between Ca 2+ source and Ca 2+ sensor extends the repertoire of rapid signaling mechanisms of fast-spiking, parvalbuminexpressing BCs (Jonas et al., 2004; Freund and Katona, 2007) . As BCs are embedded in both feedback and feedforward inhibitory microcircuits, tight coupling will contribute to the speed and reliability of inhibition in the hippocampal network Scanziani, 2001, 2004) . If tight coupling is a general property of BC output synapses, it will be also important for fast signaling at BC-BC synapses and the generation of fast network oscillations in interneuron networks (Bartos et al., 2007) .
EXPERIMENTAL PROCEDURES Pre-Embedding Immunoelectron Microscopy
Sections of the hippocampus of 2-month-old Wistar rats were processed for immunogold labeling (Baude et al., 1993; Kulik et al., 2004) with an affinitypurified polyclonal anti-a 1A antibody (Alomone Laboratories, Jerusalem, Israel). Briefly, animals were deeply anesthetized by Narkodorm-n (180 mg/kg, i.p.) (Alvetra, Neumü nster, Germany), and perfused transcardially with 0.9% saline followed by fixative containing 4% paraformaldehyde, 15% saturated picric acid, and 0.05% glutaraldehyde in 0.1 M phosphate buffer (PB). Tissue blocks were washed in 0.1 M PB and 50 mm thick sections were cut on a vibratome. Sections were cryoprotected in a solution containing 25% sucrose and 10% glycerol in 50 mM PB and processed for pre-embedding immunogold labeling as described (Kulik et al., 2004) . Serial ultrathin (70 nm) sections were cut from the surfaces of the samples. Axon terminals of putative parvalbuminexpressing interneurons were identified by their symmetric synaptic contacts with somata of dentate gyrus granule cells. Density of immunoparticles was quantified as the number of particles in the active zone versus the extrasynaptic membrane, divided by the corresponding surface areas.
Paired Recording
Transverse hippocampal slices (300 mm thickness) were cut from brains of 18-to 21-day-old Wistar rats using a vibratome. Animals were killed by decapitation, in agreement with national and institutional guidelines. Patch pipettes were pulled from thick-walled borosilicate glass tubing (2 mm outer diameter, 1 mm inner diameter); when filled with intracellular solution, the resistance was 2-3.5 MU. Simultaneous recordings from monosynaptically connected basket cells (BCs) and granule cells (GCs) in the dentate gyrus (Kraushaar and Jonas, 2000) were obtained under visual control using infrared differential interference contrast videomicroscopy. A tight-seal whole-cell recording was first established in a putative BC. Selected cells had somata located in the granule cell layer near the hilar border and generated >50 action potentials during 1 s depolarizing current pulses (600 pA to 1 nA). Subsequently, whole-cell recordings were made from GCs. To optimize the diffusional access to presynaptic terminals, paired recordings were made from adjacent cells with <100 mm intersomatic distance. The recording temperature was 22 C ± 2 C.
Two Axopatch 200A amplifiers (Axon Instruments) were used for recording. The presynaptic neuron was held in the current-clamp mode (I-clamp normal, holding potential À70 mV). Action potentials were elicited by single or trains of current pulses (duration 1 ms, amplitude 1.4-2.4 nA, repetition time 6 or 16 s, respectively). The postsynaptic cell was held in the voltage-clamp mode at a holding potential of À80 mV. Postsynaptic series resistance (range: 5-10 MU) was not compensated but was continuously monitored using a 4 mV test pulse; only pairs with <2 MU change were analyzed. Signals were filtered at 5 kHz (4-pole low-pass Bessel filter) and digitized at 10 kHz using a CED 1401plus interface (Cambridge Electronic Design). Pulse generation and data acquisition were performed using FPulse (U. Frö be, Physiological Institute) running under Igor (version 5.03) on a PC. Morphology of pre-and postsynaptic neuron was visualized by post hoc staining, using 3,3 0 -diaminobenzidine as chromogen (Geiger et al., 1997) .
Solutions
For storage of slices, a solution containing 87 mM NaCl, 25 mM NaHCO 3 , 10 mM glucose, 75 mM sucrose, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 0.5 mM CaCl 2 , and 7 mM MgCl 2 (equilibrated with 95% O 2 /5% CO 2 gas mixture) was used.
For the experiments, the slices were superfused with physiological saline containing 125 mM NaCl, 25 mM NaHCO 3 , 25 mM glucose, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM CaCl 2 (or 0.5-4 mM CaCl 2 in a subset of experiments with replacement by sucrose as required), and 1 mM MgCl 2 (95% O 2 /5% CO 2 ). The intracellular solution for the presynaptic neuron contained 135 mM Kgluconate, 20 mM KCl, 2 mM MgCl 2 , 2 or 0.02 mM Na 2 ATP, 0.5 mM NaGTP, 5 mM phosphocreatine, 10 mM HEPES, and 2 mg ml À1 biocytin. The intracellular solution for the postsynaptic neuron contained 110 mM KCl, 35 mM Kgluconate, 10 mM EGTA, 2 mM MgCl 2 , 2 mM Na 2 ATP, 10 mM HEPES, 1 mM QX-314, and 2 mg ml À1 biocytin; the pH was adjusted to 7.2 with KOH in both cases.
In solutions in which chelators were added, the concentration of Kgluconate was reduced accordingly. 1,2-Bis(2-aminophenoxy)ethane-N,N,N 0 ,N 0 -tetraacetic acid (BAPTA) and ethyleneglycol-bis(2-aminoethylether)-N,N,N 0 ,N 0 -tetraacetic acid (EGTA) were from Sigma, other chemicals were from Merck, Sigma, Riedel-de Haë n, or Gerbu.
Pipette Perfusion Ca 2+ chelators were loaded into presynaptic BCs by pipette perfusion, using a custom-made two-port pipette holder and parts of the 2PK+ pipette perfusion kit (ALA Scientific Instruments, Westbury, NY). Presynaptic pipettes were filled with a small volume (2-4 ml) of intracellular solution. Chelators were applied through one port via a flexible quartz tubing (100 mm outer diameter) coated with polyamide. To minimize exchange times, the end of the tubing was positioned closely to the pipette tip. The other end was connected to an $0.6 ml reservoir with chelator-containing solution. To deliver the chelators to the pipette, positive pressure was applied to the reservoir and a compensatory negative pressure was applied at the second port of the pipette holder (which was also used for suction during seal formation and transition from cell-attached into whole-cell mode). Both positive and negative pressure were generated by a pressure/vacuum pump system and controlled precisely using two independent regulators (2-5 mm Hg). Changes in electrode potential during perfusion were <2 mV for 30 mM of chelator. Recording time after the solution exchange was, on average, 85 ± 5 min (range: 47-179 min). Control experiments with mock application of the original intracellular solution revealed that the rundown of evoked IPSCs during long-lasting recordings was small (to 80.4% of control value; Figure 4D and Figure S1D ). Given the small extent of rundown, no correction was made. Control experiments were also performed to test whether presynaptic chelator concentrations might be affected by organic anion transporters (OATs). In two BC-GC pairs, we tested the effects of intracellular application of 30 mM EGTA after adding 1 mM of the OAT blocker probenecide to the bath solution. As the results were similar to those obtained in the absence of the drug, data were pooled. Finally, we tested whether the effects of exogenous chelators could be influenced by the expression of the endogenous Ca 2+ -binding protein parvalbumin in BCs. In two BC-GC pairs from parvalbumin knockout (À/À) mice (Schwaller et al., 1999) , we examined the effects of 30 mM EGTA applied via presynaptic patch pipette perfusion. The effects were similar to those obtained in wild-type rats (reduction of IPSC peak amplitude to 72.1% of control value). As the results were obtained from a different species, data were not included in the mean values.
To estimate the concentration of chelators reached in presynaptic terminals, diffusion from the soma into the BC axon was modeled with Neuron 5.9, using a mechanism based on COMPARTMENT and LONGITUDINAL_DIFFUSION (Carnevale and Hines, 2006) . A previously described cable model of a dentate gyrus BC with fully reconstructed somatodendritic domain and main axon and schematically extended axonal arborization (150 collaterals) was used (Geiger et al., 1997) . The diffusion coefficient for BAPTA and EGTA was assumed as 220 mm 2 s À1 (Naraghi and Neher, 1997 ) and the time step was 100 ms. These simulations indicated that the concentration at presynaptic terminals was close to that at the soma after 50-100 min recording times for proximal collaterals ( Figure 2D ).
Data Analysis
Data analysis was performed using Mathematica 4.1.2, 5.0, or 6.0.1 (Wolfram Research). Unitary IPSC peak amplitude was measured as the difference between baseline and the peak current <8 ms after the first presynaptic action potential. Stationarity of IPSC amplitudes was tested by Spearman rank correlation analysis with p > 0.1; only pairs fulfilling the stability criterion were used for subsequent analysis. Events were classified as successes when the amplitude was >3 standard deviations of the baseline noise and as failures otherwise. Coefficients of variation (CV, standard deviation/mean) of IPSC peak amplitudes were calculated from 30 traces during stationary control and test periods (Kraushaar and Jonas, 2000) .
Modeling Chelator Effects with the Steady-State Solution to the Linearized Reaction-Diffusion Equations
Effects of Ca 2+ chelators on synaptic transmission were modeled using the steady-state solution to the linearized reaction-diffusion problem obtained analytically (Neher, 1998 ] at the BC-GC synapse (concentration normalized to 2 mM and release normalized to that at 2 mM; Figure 5C ). Confidence intervals of r, d, and s were obtained by bootstrap procedures. One thousand artificial data sets were generated from the means and SEMs of the original data set and were analyzed as the original (Efron and Tibshirani, 1998) . Bootstrap procedures were also used to compare single-channel and cluster model with models in which Ca 2+ channels were distributed more homogeneously ( Figure 6B ).
Time-Dependent Solution to the Full Reaction-Diffusion Equations and Simulation of Transmitter Release
To account for both possible deviations from the steady-state assumption and saturation of buffers, the time-dependent solution to the full reaction-diffusion equations was obtained numerically. This approach considered mobile and fixed buffers as well as buffer saturation. Assuming Ca 2+ inflow at a point source and radial symmetry, the Ca 2+ concentration as a function of time and radial distance can be obtained from a set of partial differential equations (Smith, 2001 ): 
where s(t) is the flux through the Ca 2+ channels as a function of time, which was specified according to previous models of P/Q-type Ca 2+ channels (Borst and Sakmann, 1998) . The flux was multiplied by 2 to convert spherical into hemispherical symmetry. The peak amplitude was set to 1 pA, corresponding to <10 P/Q-type Ca 2+ channels (Li et al., 2007) . This amplitude value was chosen to approximately reproduce the experimentally observed relation between transmitter release and external Ca 2+ concentration ( Figure 5C ) for a coupling distance of 20 nm. The boundary conditions remote from the source (corresponding to the outer plasma membrane of the presynaptic terminal) were specified as 
As the gradient is 0, no diffusion is possible beyond the outer boundary. Initial conditions were given as [Ca 2+ ] = 50 nM, with [B i ] being set to the corresponding equilibrium values. r min and r max were chosen as 1 nm and 500 nm, respectively.
The partial differential equation was solved using NDSolve of Mathematica 6.0.1, with a spatial grid resolution of <0.1 nm. Increasing the grid resolution by a factor of 3 had only minimal effects on the results. Diffusion coefficients were chosen D Ca = D B = 220 mm 2 s À1 . The affinities of mobile buffers (ATP) and endogenous fixed buffers were assumed as 200 and 2 mM, respectively, and the binding rates for Ca 2+ were chosen as 5 10 8 M À1 s À1 in both cases (Meinrenken et al., 2002) . The concentration of mobile buffers was assumed as 290 mM (corresponding to 2 mM Mg ATP in the pipette solution; Meinrenken et al., 2002) . The concentration of the fixed buffers was assumed as 160 mM, to account for the relatively high endogenous Ca 2+ binding ratio of BCs (Y. Aponte et al., 2006, Soc. Neurosci., abstract) . The ratio of IPSCs was calculated as R IPSC = f(R Ca ), where R Ca is the ratio of peak amplitudes of Ca 2+ transients.
To simulate transmitter release for Ca 2+ transients at various distances from the source, we used the previously published allosteric model of Ca 2+ -dependent vesicle fusion (Lou et al., 2005) . The model consisted of 12 states, 6 before and 6 after fusion. The Ca 2+ binding rate was assumed as k on = 1 10 8 M À1 s À1 , the unbinding rate as k off = 4000 s À1 , and the basal fusion rate as l + = 2 10 À4 s À1 . On and off rates were multiplied by integer numbers between 1 and 5 to implement independent Ca 2+ binding at different sites. The cooperativity factors were chosen as b = 0.5 and f = 31.3 (Lou et al., 2005) . The occupancies for the different states of the model were obtained by solving the corresponding first-order ordinary differential equation with a Q matrix approach. Finally, the release rate was obtained by differentiation of the sum of occupancies of all fused states.
Statistical Analysis
Values are given as means ± SEMs. Error bars in figures also indicate SEMs whenever they exceed the size of the symbols. Significance of differences was assessed by a nonparametric two-sided Wilcoxon signed rank test at the significance level (p) indicated.
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